SUMMARY Left atrial function in patients with hypertensive heart disease was compared with that in control subjects. In patients with hypertensive heart disease, the time constant of left ventricular relaxation was significantly greater than that in controls (54 ± 18 vs 31 ± 16 msec; p<0.01). The ratio of left ventricular filling volume before atrial contraction (left atrial reservoir volume/left atrial emptying volume before atrial contraction, and conduit volume/flow volume from the pulmonary vein into the left ventricle) to left ventricular stroke volume was significantly smaller than that in controls (65 ± 13 vs 76 ± 7%; p<0.05). In patients with hypertensive heart disease, the ratio of reservoir volume to stroke volume was not significantly different from that in controls, while the ratio of conduit volume to stroke volume was significantly smaller than that in controls (43 ± 13 vs57 ± 9%;p<0.05). The latter ratio was inversely correlated with the time constant of left ventricular relaxation (r = -0.05, p<0.05). In patients with hypertensive heart disease, the ratio of left ventricular filling volume during atrial contraction to stroke volume was significantly larger than that in controls (35 ± 13 vs 24 ± 7%; p<0.05). The ratio of left ventricular filling volume during atrial contraction to stroke volume had a significant inverse correlation with the ratio of conduit volume to stroke volume (r = -0.84, p<0.001). In patients with hypertensive heart disease, left atrial work was significantly greater than that in controls (274 ± 101 vs 94 ±42 mm Hg ml; p<0.001). Thus, patients with hypertensive heart disease had impaired left ventricular diastolic filling before atrial contraction, which resulted in the decreased left atrial conduit volume. However, the left ventricular stroke volume was maintained by the increased left atrial emptying volume during atrial contraction. cardiac performance in the diseased heart has been considered previously.'" 10 The left atrium may serve as a conduit for the passage of blood from the pulmonary veins to the left ventricle during early left ventricular filling, as a reservoir for storing blood during left ventricular systole, and as a contractile chamber for augmentation of left ventricular filling. Understanding each of these functions and the contribution of the left atrium to left ventricular function in normal and diseased hearts is important. Electrocardiographic left atrial abnormalities" and the appearance of atrial gallop rhythm on cardiac ausculta- Received August 28, 1985; accepted February 12, 1986. tion 12 have been documented in patients with hypertensive heart disease. Recently, echocardiography has been used to observe left atrial function in hypertensive patients. 13 In these previous studies, the left atrial abnormalities were discussed in association with the abnormal diastolic function of the left ventricle, but further delineation of the significance and pathophysiology of the findings was not pursued.
SUMMARY Left atrial function in patients with hypertensive heart disease was compared with that in control subjects. In patients with hypertensive heart disease, the time constant of left ventricular relaxation was significantly greater than that in controls (54 ± 18 vs 31 ± 16 msec; p<0.01). The ratio of left ventricular filling volume before atrial contraction (left atrial reservoir volume/left atrial emptying volume before atrial contraction, and conduit volume/flow volume from the pulmonary vein into the left ventricle) to left ventricular stroke volume was significantly smaller than that in controls (65 ± 13 vs 76 ± 7%; p<0.05). In patients with hypertensive heart disease, the ratio of reservoir volume to stroke volume was not significantly different from that in controls, while the ratio of conduit volume to stroke volume was significantly smaller than that in controls (43 ± 13 vs57 ± 9%;p<0.05). The latter ratio was inversely correlated with the time constant of left ventricular relaxation (r = -0.05, p<0.05). In patients with hypertensive heart disease, the ratio of left ventricular filling volume during atrial contraction to stroke volume was significantly larger than that in controls (35 ± 13 vs 24 ± 7%; p<0.05). The ratio of left ventricular filling volume during atrial contraction to stroke volume had a significant inverse correlation with the ratio of conduit volume to stroke volume (r = -0.84, p<0.001). In patients with hypertensive heart disease, left atrial work was significantly greater than that in controls (274 ± 101 vs 94 ±42 mm Hg ml; p<0.001). Thus, patients with hypertensive heart disease had impaired left ventricular diastolic filling before atrial contraction, which resulted in the decreased left atrial conduit volume. However, the left ventricular stroke volume was maintained by the increased left atrial emptying volume during atrial contraction. cardiac performance in the diseased heart has been considered previously.'" 10 The left atrium may serve as a conduit for the passage of blood from the pulmonary veins to the left ventricle during early left ventricular filling, as a reservoir for storing blood during left ventricular systole, and as a contractile chamber for augmentation of left ventricular filling. Understanding each of these functions and the contribution of the left atrium to left ventricular function in normal and diseased hearts is important. Electrocardiographic left atrial abnormalities" and the appearance of atrial gallop rhythm on cardiac ausculta- VOL 8, No 9, SEPTEMBER 1986 normal. The group with hypertensive heart disease consisted of seven patients who had a documented history of hypertension (systolic pressure greater than 140 mm Hg and diastolic greater than 90 mm Hg on several measurements; 155 ±.7/100 ± 7 mm Hg on admission) with left ventricular hypertrophy (interventricular septal and posterior wall thickness 1.1 cm or greater in routine precatheterization echocardiographic study). No patient had valvular or congenital heart disease. None of the subjects had hemodynamically important coronary artery stenosis. The clinical and hemodynamic data for each participant are listed in Table 1 . All subjects were in normal sinus rhythm and had a normal PR interval on the electrocardiogram.
All subjects were studied in the fasting state at rest. Diazepam (10 mg) and antibiotics were administered routinely. Cardiac medication and antihypertensive drugs were discontinued for at least 2 days before the study. Patients with hypertensive heart disease were salt-restricted. Before cardiac catheterization, each subject signed a written informed consent after a full explanation of the procedure. A Millar catheter-tip micromanometer (Model PC-484A, pigtail; Houston, TX, USA) was used for pressure measurement and cineangiography. The transducer was calibrated electronically against a mercury manometer at the beginning of each study. The zero shift during the procedure was adjusted by comparison with the pressure obtained simultaneously from the fluid-filled catheter connected to the Statham P23ID transducer (Oxnard, CA, USA). The transducer was recalibrated after withdrawal of the catheter.
Our method of introducing a Millar catheter-tip micromanometer to the left ventricle and left atrium has been described in detail elsewhere. 7 Briefly, the catheter was introduced through the brachial artery with the aid of a guidewire. In the shallow right anterior oblique projection, the catheter was advanced across the aortic valve into the left ventricle. After left ventricular pressure was recorded, the catheter tip was placed near the mitral valve. A loop was formed in the left ventricle, and the catheter was directed toward the mitral valve and passed into the left atrium. Biplane cineangiograms (anteroposterior and lateral projections) were obtained at 60 frames/sec with a 35-mm Arritechno cine camera mounted on a 25-cm image intensifier (Siemens Cardoskop U, Erlangen, West Germany). Then, 30 ml of Urografin-76 (Schering) was injected directly into the left atrium at a rate of 10 ml/sec at the end of a normal inspiration. During the left atriography, left atrial pressure was recorded on an Electronics for Medicine VR12 recorder (Pleasantville, NY, USA) at a paper speed of 100 mm/sec. Frame number and electrocardiographic signals were recorded on each cine film. After the study, a 1-cm 2 crosshatched grid was filmed at the same distance from the x-ray tube and image intensifier as were the left atrial and left ventricular cavities. The time constant of the left ventricular pressure fall during the isovolumic relaxation period was calculated according to the method of Weiss et al. 14 Briefly, the correlation of linear regression between natural logarithm (P) and time (t) was calculated. The left ventricular pressure during the isovolumic relaxation period was fitted by the method of least squares to the function p-e Al+B .
Time constant T is defined as 7 = -I/A, which characterizes the phase of isovolumic pressure fall. Left atrial angiographic volumes were calculated as described by Sauter et al. 13 Biplane left atrial angiograms were traced during one cardiac cycle on a 35-mm Vanguard projector (Melville, NY, USA). The left ventricular volumes were calculated as previously described. 1617 Left ventricular end-diastolic wall thickness was determined from the anteroposterior cineangiograms according to the technique of Rackley et al." The same cardiac cycle was analyzed for left atrial pressure, left atrial volume, and left ventricular volume. These individual left atrial and ventricular volume measurements were plotted sequentially for one cardiac cycle and connected by a line. At a film speed of 60 frames/sec, a volume observation was made every 16.7 msec.
The instantaneous changes of left atrial volume and left ventricular volume during one cardiac cycle in a representative normal subject (Patient 7) are shown in 19 Therefore, the left atria! conduit volume was calculated by subtracting the left atrial reservoir volume from the volume of left ventricular filling before atrial contraction (E -F). Left atrial volume changes were related to left atrial pressure changes at corresponding times. A pressure-volume curve was then constructed by plotting each volume observation and the corresponding pressure using a specially programmed computer (Cardias GP 3000A, NAC; Tokyo, Japan). The curve of pres- sure-volume relationship of the left atrium formed a double loop, an A loop, and a V loop (see Figure 2 ).
7
The A loop was expressed as a function of the contractile chamber during atrial contraction. The area of the A loop represented the work of left atrial contraction, while the V loop was consistent with the phase of reservoir function before atrial contraction. Statistical analysis was done using analysis of variance to compare the two groups. The best-fit linear regression equation was calculated using the method of least squares and the correlation coefficient (r) for the pairs of data. A p value less than 0.05 was considered significant. 
Results
The hemodynamic data for each patient are shown in Tables 1 and 2 . Left ventricular peak systolic and enddiastolic pressures in patients with hypertensive heart disease were significantly greater than those in controls (147 ± 10 vs 128 ± 19 mm Hg and 10 ± 2 vs 8 ± 2 mm Hg, respectively; both p< 0.05). Time constants of left ventricular relaxation in patients with hypertensive heart disease were significantly greater than those in control subjects (54 ± 18 vs 31 ± 6 msec; p<0.01). The cardiac cycle lengths were not significantly different between groups. The left ventricular end-diastolic wall thickness and left ventricular mass in patients with hypertensive heart disease were significantly greater than those in controls (12 rt 1 vs 8 ± 2 mm; p<0.001; 147 ± 33 vs 224 ± 44 g; p< 0.01, respectively). The maximal (D) and minimal (F) left ventricular volumes and the left ventricular volume before atrial contraction (E) were not significantly different between groups, nor were there any significant differences in left ventricular ejection fraction and stroke volume.
The peak pressure of the left atrial a-wave was significantly greater in patients with hypertensive heart disease than in controls (15 ± 2 vs 11 ± 4 mm Hg; p<0.05; see Table 2 ). The nadir pressure of the xdescent in controls was not significantly different from that in patients with hypertensive heart disease. The maximal (A) and minimal (C) left atrial volumes were significantly greater in patients with hypertensive heart disease than in controls (93 ± 26 vs 63 ± 12 ml and 40 ± 19 vs 23 ± 8 ml, respectively; both p<0.05). The left atrial volume before atrial contraction (B) was significantly greater in patients with hypertensive heart disease than in controls (74 ± 22 vs 47 ± 10 ml; p<0.01). The left atrial work was significantly greater in patients with hypertensive heart disease than in controls (274 ±101 vs 94 ±42 mm Hg • ml; p< 0.001; Figure 2 ). The ratio of left atrial work to left atrial contractile volume, which is the left atrial work for emptying 1 ml of blood, was significantly higher in patients with hypertensive heart disease than in controls (8.0 ±2.9 vs4.1 ± 1.8 mm Hg;p<0.01).
The ratio of left ventricular filling volume before atrial contraction (E -F) to stroke volume in patients with hypertensive heart disease was significantly lower than that in controls (65 ± 13vs76±7%;p<0.05). On the other hand, the ratio of left ventricular filling volume during atrial contraction (D -E) to stroke volume in patients with hypertensive heart disease was significantly higher than that in controls (35 ± 13 vs 24 ± 7%;p<0.05). In the phase before atrial contraction, the ratio of left atrial reservoir volume (A -B) to stroke volume in patients with hypertensive heart dis- 
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ease was not significantly different from that in controls, whereas the ratio of left atrial conduit volume to stroke volume in patients with hypertensive heart disease was significantly lower than that in controls (43 ± 13 vs 57 ± 9 ml; p<0.05). Figure 3 shows the relationship between the time constant of left ventricular relaxation and the ratio of conduit volume to stroke volume. The patients with greater time constants had a lower ratio of conduit volume to stroke volume (r = -0.55, p<0.05). The relationship between the ratio of conduit volume to stroke volume and the ratio of ventricular filling volume during atrial contraction to stroke volume is shown in Figure 4 . The patients who had lower ratios of conduit volume to stroke volume had greater ratios of ventricular filling volume during atrial contraction to stroke volume (r= -0.84, p<0.001).
Discussion
The left ventricular maximal and minimal volume, ejection fraction, and stroke volume in our patients with hypertensive heart disease were not significantly different from those in control subjects. In our patients with hypertensive heart disease, left ventricular filling before atrial contraction was impaired. Left ventricular filling during atrial contraction compensated for this impairment, and therefore left ventricular stroke volume was maintained. In patients with chronic pressure overload, Hanrath et al. 20 reported that reduced left ventricular filling during the rapid diastolic filling period was compensated for by a greater dimensional in- crease caused by atrial contraction, resulting in a normal end-diastolic dimension. Dreslinski et al. 13 also observed that rapid filling of the left ventricle was impaired in hypertension.
FIGURE 3. Relationship between time constant and the ratio of conduit volume to stroke volume in controls (o) and patients with hypertensive heart disease (*). Patients with greater time constants had lower ratios of conduit volume to stroke volume.
The left atrium may serve as a conduit for the passage of blood from the pulmonary veins to the left ventricle during left ventricular filling, as a reservoir for storing blood during left ventricular systole, and as a contractile chamber for augmentation of left ventricular filling. The left atrial emptying volume before atrial contraction does not solely provide a measure of blood entering the left ventricle from the left atrium. In this phase, blood also flows from the pulmonary veins into the left ventricle. The volume of left ventricular filling before atrial contraction comprises the volume of left atrial emptying (reservoir volume) and the volume of blood flowing from the pulmonary veins to the left ventricle (conduit volume). In the present study, the ratio of reservoir volume to stroke volume in patients with hypertensive heart disease was not significantly different from that in controls. However, the ratio of conduit volume to stroke volume in patients with hypertensive heart disease was significantly lower than that in controls. The decreased left ventricular filling before atrial contraction in patients with hypertensive heart disease is related to the decreased conduit volume and not to the decreased reservoir volume. The abnormal left ventricular diastolic properties could reflect diminished left ventricular fiber compliance, abnormal left ventricular fiber relaxation, abnormalities in the right ventricular and left ventricular diastolic interaction, or pericardial derangements. 21 Diastolic abnormalities in patients with hypertension or left ventricular hypertrophy have been described. 20 ' **• u Fioretti et al. 23 reported that the time constant of relaxation was inversely correlated with early diastolic left ventricular inflow volume. In our patients with hypertensive heart disease, the time constant of left ventricular relaxation was greater than that in controls. Since the time constant of left ventricular relaxation was inversely correlated with the left atrial conduit volume, the decreased conduit volume in patients with hypertensive heart disease was considered to be caused by the impaired left ventricular early diastolic relaxation (see Figure 3) .
In the atrial contraction phase, the left atrial contraction serves to augment left ventricular filling. Patients with hypertensive heart disease had impaired left ventricular diastolic filling before atrial contraction, which resulted in a decreased left atrial conduit volume. However, the left ventricular stroke volume was maintained by the increased left atrial contractile volume. The left atrial work in patients with hypertensive heart disease was significantly higher than that in controls. Furthermore, the ratio of left atrial work to left atrial contractile volume in patients with hypertensive heart disease was significantly higher than that in controls. Patients with hypertensive heart disease required a higher atrial work to empty 1 ml of blood than did controls.
We have previously analyzed the left atrial contribution to left ventricular function in patients with impaired systolic performance caused by myocardial infarction. 7 In the present study of patients with compensated hypertensive heart disease, left ventricular systolic performance was preserved and left ventricular early diastolic relaxation was impaired. In these patients, left ventricular filling before atrial contraction was impaired whereas the left ventricular filling during atrial contraction was augmented. The impairment of left ventricular filling before atrial contraction resulted from the decreased left atrial conduit volume caused by the impaired left ventricular early diastolic relaxation. The augmented left ventricular filling during atrial contraction was due to the increased left atrial contractile volume. The left atrium does more work, and more blood is transported to the left ventricle during atrial contraction. Left atrial function in patients with hypertensive heart disease is important and should not be ignored in assessing the left ventricular performance in these patients. Thus, the importance of proper atrial function should be recognized in patients with atrial fibrillation or atrioventricular block associated with impaired left ventricular function caused by hypertensive heart disease.
